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Abstract 
The implementation of tropical forest management has led to changes in forest structure and increased surface disturbances due 
to logging activities. Different forest treatments are suspected to affect soil hydraulic properties in different ways. We 
investigated the impact of an intensive forest management system (IFMS) on soil hydraulic properties including infiltration 
characteristics and soil compaction. Infiltration characteristics and soil compaction were measured for four types of surface 
disturbances (line planting, cleared area, logged area, and skidder tracks) between different periods of operation of an IFMS. The 
fundamental activities associated with mechanized selective logging and intensive line planting reduced soil hydraulic properties, 
including infiltration capacity and soil compaction within the near-surface soil profile. Ground-based harvesting using a skidder 
tractor significantly increased the rate of soil compaction, which influenced the infiltration capacity. Recent forest operations 
significantly disturbed the soil surface (via compaction and topsoil/subsoil mixing) and produced large variation in the near -
surface values. Infiltration capacity values were lower on skidder tracks than other disturbed surface types. The changes in 
infiltration capacity and soil compaction are evidence that forest disturbances have altered the surface hydrological pathways, 
thereby creating an opportunity for surface runoff flow to be generated on disturbed sites. Concurrent with succession to forested 
land cover, an increase in infiltrability reduces the propensity to generate surface runoff flow. The estimated recovery time for 
near-surface of soil hydraulic properties on the non-skidder tracks was 10–15 years, while in the skidder tracks it was more than 
20 years. 
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1. Introduction 
In forested areas, the movement of water between the atmosphere and soil plays an important role in the storage 
capacity of the land. Hydrologic processes in a forested catchment start with rainfall interception by forest 
vegetation. Forest canopies serve as a barrier against precipitation reaching the ground. A portion of the 
precipitation is inevitably intercepted by the canopy (canopy interception). Some flows along braches and stems 
(stem flow) until it reaches the ground, some drips from the foliage and branches or passes through canopy openings 
to the ground (through fall), and some is further intercepted by the forest floor (litter interception). Hydrologic 
processes continue once water enters the soil and becomes groundwater through the infiltration process. When 
rainfall rates exceed the infiltration capacity, surface runoff or ponding of water on the soil surface occurs and can 
potentially cause soil erosion.  
Evidence worldwide suggests that changes in interception loss, evapotranspiration, infiltration, and storm flow 
pathways caused by various degrees of forest conversion can alter the timing and magnitude of direct runoff and 
base flow for an unpredictable period of time [1, 2, 3, 4]. Some studies have investigated changes in hydrological 
variables within the soil profile that may have implications for the partitioning and movement of subsurface 
stormflow [5, 6, 7, 8, 9]. Infiltration is the movement of water from the atmosphere to the soil across some definable 
but intangible interface [10]. Different land use practices affect the infiltration rate (IR) in different ways, depending 
on their effects on the intrinsic properties of the soil [11]. Water movement into and through soil profiles is affected 
by a variety of factors, which reflect the surface and subsurface conditions and flow characteristics. Surface 
conditions such as the type of vegetation cover, land management practices, roughness, crusting, cracking, slope, 
and chemistry have a significant impact on surface ponding, surface runoff velocity, and the ability of the water to 
enter the soil. Conditions underground that affect soil water movement can include soil texture, structure, organic 
matter content, depth, compaction, and amount of voids, layering, water content, groundwater table, and the root 
system. These factors affect the soil’s water-holding capacity and the ability of water to move [12]. Forest 
vegetation with its characteristic canopy architecture has a significant role in rainfall infiltration processes. In 
forested hill slopes, soil water has been observed to increase rapidly and gently in the region downslope from tree 
stems, especially at points close to the tree stems [13].  
Land conversion and timber extraction are likely to alter the biodiversity and hydrologic responses of forested 
areas. In tropical Indonesia, rainforests are managed by an intensive forest management system (IFMS). The IFMS 
has promoted selective logging for timber harvesting and intensive line planting to enrich the standing stock. Timber 
extraction using heavy machines destroys the soil structure, which affects water and nutrient cycling, and accelerates 
soil erosion rates [5, 14]. Heavy machines in timber collection areas and on skidder roads can increase soil 
compaction by up to 40% of natural conditions [14, 15], and 10–30% of the soil surface may be denuded due to 
logging roads, skidder tracks, and log landings [5, 16]. The use of heavy equipment tends to compact the topsoil, 
setting in motion a negative spiral of reduced infiltrability and an increased frequency of surface runoff flow and 
sheet erosion, thereby hindering the establishment of a new protective layer of vegetation and litter [5].  
The implementation of the IFMS has reduced the forest canopy cover, destroyed the surface soil, changed the 
hydraulic conductivity, and increased direct runoff and soil erosion. Soil compaction has been considered the 
principal form of damage associated with logging, restricting root growth and reducing productivity [17]. Logging 
roads and skid trails in particular can alter the hydrologic response and serve as sediment sources and transport 
pathways on cleared land [4, 18, 19, 20, 21]. Many studies have indicated that vegetation cover and forest 
disturbances from logging are the principal cause of hydrological differences between catchments [5, 11, 12, 22, 23, 
24, 25, 26, 27, 28, 29, 30]. 
Different forest treatments within the IFMS are believed to affect soil hydraulic properties in different ways. 
When the forest soil receives a certain treatment, there is an accompanying change in the intrinsic properties of the 
soil and this alters the hydrological balance of the soil. The impact of secondary forest on the hydrological cycle has 
yet to receive the same attention as primary forest and agricultural ecosystems. This is particularly true with regard 
to the effects of forest regrowth on soil hydrology. This study investigated the impact of the IFMS on soil hydraulic 
properties especially infiltration characteristics and soil compaction. 
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Fig. 1 Study site in the headwater of Katingan watershed, Central Kalimantan 
2. Method 
2.1. Study site 
The study site was located in the headwater region of the Katingan watershed, one of the largest in Central 
Kalimantan (Fig.1). The site is in the Sei Seruyan block of the Sari Bumi Kusuma (SBK) concession area, a private 
forest company (00º36’–01º10’S, 111º39’–112º25’E) is located in the lowland part of Bukit Baka hills. This location 
is part of a high-biodiversity area known as the “Heart of Borneo.” 
The Katingan watershed has a total catchment area of 1,908,297 ha, and the length of the main river is 650 km. 
This location is approximately 400 km northwest of Palangka Raya, the provincial capital of Central Kalimantan, 
and approximately 500 km east of Pontianak, the provincial capital of West Kalimantan. The forest cover in this 
watershed includes 1,179,985 ha or 61.83% of the total area, most of which is found in the headwaters. This 
upstream catchment is a hilly region with altitudes from 150 to 1278 m above sea level. 
The mean annual rainfall from 2001 to 2012 was 3631 mm, with the highest average monthly precipitation (353 
mm) occurring in November. The lowest average monthly precipitation (209 mm) was recorded in August. 
According to the forest climate classification system of Schmidt and Ferguson (1951), the area is a type A (very 
wet) tropical rainforest (monthly average rainfall > 100 mm). Since the location is between 5°N and 5°S, the study 
site is also classified as having an equatorial climate (Tan, 2008), which is generally characterized by high 
precipitation and high temperatures throughout the year. 
2.2. Infiltration capacity and soil compaction 
Field observations of soil hydraulic properties were conducted on 11 plots, including 1 virgin forest plot and 10 
plots at different operational periods of the IFMS (Fig. 2). The IR or infiltrability tends to be high during the early 
stages of ponded infiltration when the pressure gradient dominates over gravitational force, but gradually decreases 
to a constant rate when gravitation is the only force acting on the water; this is called the steady-state infiltrability 
[12, 31]. The maximum rate at which water can enter the soil surface is termed the infiltration capacity (fm). The 
infiltration capacity diminishes over time in response to several factors that affect the downward movement of the 
wetting front [32].  
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Fig.2 Infiltrometer test sites in line-planted, cleared, logged, and skidder-track areas. 
Soil compaction is a form of physical degradation resulting in the densification and distortion of the soil, which 
reduces biological activity, porosity, and permeability, strength is increased and soil structure partly destroyed [33]. 
Soil compaction can be defined as the increase in soil bulk density with a corresponding decrease in the void ratio. It 
can reduce the water infiltration capacity and increase the erosion risk by accelerating runoff. The relative amount of 
compaction can be expressed in terms of bulk density, porosity, infiltration capacity, or penetrometer resistance. 
In the present study, field measurements of infiltration were made using a portable double-ring infiltrometer. The 
inner ring was 13 cm in diameter and 24 cm high, while the outer ring was 30 cm in diameter and 15 cm high. A 
total of 123 infiltrometer tests were performed in the 10 plots from the first year until 10 years after forest treatments 
began and in one undisturbed forest (virgin forest) plot. In each plot, the infiltrometer test was performed at four 
locations with three repetitions based on differences in topography: a line-planted area, cleared area, logged area, 
and an area with skidder tracks, as shown in Fig. 2. These test sites were selected using a random sampling method. 
The tests were conducted after a minimum of two days without rainfall. Measurements in the line-planted, cleared, 
and logged areas were conducted in July 2010; in the area with skidder tracks, they were conducted in September 
2011. 
Each infiltrometer was driven 10 cm into the ground by hammering a wooden platform placed on top of the 
device. Great care was taken to minimize soil disturbance within the inner ring. Water was added to both rings, but 
measurements were made only in the inner ring. The outer ring provided a buffer that reduced boundary effects 
caused by the cylinder and by lateral flow at the bottom of the ring. A plastic sheet was placed in the inner ring. The 
outer ring was filled with water to 5 cm and the water level was maintained. The inner ring was filled with water to 
give a pounding depth of 5 cm for the constant head of water at the skidder track, and of 10 cm for all other sites. 
The plastic sheet was removed and the level of water was recorded continuously every 10 min at the skidder track 
and every 15 min at all other sites. Cumulative infiltration and elapsed time were recorded over a 3–4 h period to 
ensure that steady-state infiltrability had been attained. The infiltrability (IR) was calculated from the cumulative 
infiltration as a function of time.  
Using Horton’s infiltration model, the infiltration capacity (fm; in mm h-1) at time t (h) can be described by: 
 
                   (1) 
 
where fo is initial infiltration capacity (mm h-1), fc is final equilibrium infiltration capacity (approaching constant) 
(mm h-1), and k is a recession constant or the decreasing IR (mm h-1).  
 
The total infiltration F (mm) was calculated by: 
 
       (2) 
 
  ktefcfofcfm  
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The constant k was calculated by rearranging Eq. 1: 
 
               (3) 
 
The dry bulk density of soil was measured using undisturbed soil core samples and soil structure and texture were 
measured using disturbed soil samples. The sampling sites were as same as those for infiltration measurements (11 
plots). Undisturbed soil samples were taken using thin-walled samplers (volume: 100 cm3, inner diameter: 5 cm, 
height: 5.1 cm). The sharpened edge of the sampler was inserted vertically into 0–10 cm of the soil profile in each 
plot. During the process of insertion, roots and organic material were carefully severed from the soil layer around 
the sampler. Bulk density was measured as the mass of the 100 cm3 core samples after drying for 24 h at 105°C. 
Particle density was measured using the pycnometer method, and total porosity was calculated as 1 – (bulk 
density/particle density). Soil structure and texture were determined by qualitative analysis in the laboratory. 
3. Results and discussion 
3.1. Infiltration capacity 
IR curves of four different sampling locations in the 11 plotsagainst time are shown in Figure 3. 
 
 
 
 
 
 
 
 
 
Fig.3 Calculated infiltration rates against time in 11 plots (numbers in the legend indicate the time [years] after IFMS treatment). 
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Fig. 4 Infiltration capacity (fm) of the 11 plots. (a) Data measurement distributions. (b) Average infiltration. 
Selective logging and intensive line planting decreased IR especially at the beginning of the test. The steady state 
rate occurred over the range of 2.5–3.5 h. The virgin forest had the highest IR both at the beginning of the test (392 
mm h-1) and once it reached a steady state (80 mm h-1); those in the line-planted, cleared, logged, and skidder-track 
areas were 360 and 64, 360 and 40, 260 and 40, and 240 and 36 mm h-1, respectively. At the site 10 years after forest 
operations began the IR was substantially decreased both at the beginning of the test and at the steady state rate. The 
ranges of IR between the beginning of the test and the steady state after one year in the line-planted, cleared, logged, 
and skidder-track areas were 100 to 24 mm h-1, 100 to 20 mm h-1, 120 to 12 mm h-1 and 42 to 6 mm h-1, respectively. 
Fig. 4 shows the average infiltration capacity (fm) of each plot. The fm of the line-planted, cleared, and logged 
areas were slightly different. That of the skidder tracks was lower than all other sites. Manual land clearing in the 
intensive line-planted area contributed to the soil compaction that reduced the fm. In the logged area, the ground was 
affected by logs being pulled by the skidder tractor, which slightly lowered the fm at the beginning of the test 
compared to the intensively line-planted area. The impact of mechanized logging significantly reduced the fm curve 
from the beginning of the test until the steady state rate was achieved. 
Total infiltration (F) in the virgin forest during a 4 h period was 1,709 mm. The F for the line-planted, cleared, 
and logged areas in 10-year-old sites was similar to that of the virgin forest, but dramatically different from that of 
the skidder-track area. The lowest F value of 2.4 mm was recorded at the skidder tracks after 2 years. Compared to 
virgin forest, the F values at the 1-year-old site were 57%, 72%, and 91% lower in the line planted, logged, and 
skidder track areas, respectively. 
Activities that compact or alter the soil surface, such as driving tractors and pulling logs over the ground, can reduce 
the infiltration capacity of the soil. The direct impact of raindrops can also have an impact. Water infiltration 
depends largely on the pores present in the soil. Forest soils contain many macro-pores through which large 
quantities of water can move into the soil.  
 Some macro-pores result from structural pores and cracks in the soil. The volume of these pores and their 
continuity determines the flow of water into the soil. Soil organic matter and soil texture are two important factors 
that determine soil IR. Organic matter helps to improve soil aggregation, which allows rapid water movement into 
the soil. The ages of trees are correlated with litter production. Forest litter layers physically protect the soil surface 
from extreme temperature and moisture, and the impacts of raindrops and erosion forces are improving IRs. Older 
trees tend to produce more litter, which contributes to the build-up of organic matter. Through the decomposition 
process, both litter quality and quantity influence the build-up of organic matter in the soil. Soil with a higher 
organic matter content will have a higher IR [34]. In this study, the organic matter content in the site dating to 1999 
was the highest and was close to that of the virgin forest because of the higher canopy density and decomposition 
rate of the litter. 
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 Fig.5 Total infiltration (F) during a 4 h period in each plot. 
Total water infiltration (Fig. 5) varied according to the duration of IFMS operation, increasing from the 1-year-
old site to the 10-year-old site, at which point it was similar to that of the virgin forest. This was because, when 
water is supplied to an initially dry soil, the suction gradient across the soil surface becomes very high, which results 
in a high IR. As the wetting front moves downward, the suction gradient across the soil profile decreases, which 
limits the IR of water into the soil surface. After a long time, the IR approaches zero. The decrease in IR may also be 
caused by the dispersion of soil aggregates, or slaking, as well as soil compaction and surface sealing or clogging of 
the soil pores [29]. Pores in the soil become clogged when the soil pores are saturated with water. Pores in forest 
soils are always related to the trees in that particular forest. Depending on the age of the tree, the tree roots create 
pores and enlarge the existing pores as they grow. The standing trees in the 10-year-old site were bigger than those 
at the other sites. Their larger roots would have created larger pores, leading to rapid water movement. Therefore, it 
can be concluded that forest rehabilitation would recover the infiltration capacity of degraded areas. We estimate 
that infiltration capacity would recover to the level of a virgin forest in less than 15 years in the line-planted, cleared, 
and logged areas but after 20 years in the skidder track area, if allowed to recover. 
3.2 Soil compaction 
In general, at all test sites, soil bulk density increased after logging, with the largest difference observed in the 
skidder tracks (Fig. 6). Selective logging using skid trails and tractor winches has opened and destroyed the soil 
surface over approximately 4–6% and 60–75% of the forested area, respectively. Manual land clearing for intensive 
line-planting has opened approximately 15–20% of the forested area. Tractor movement has significantly increased 
the soil compaction and reduced the infiltration capacity, especially along skid trails. 
 
 
 
 
Fig.6 Physical characteristics of the soil: (a) bulk density; (b) porosity. 
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The soil structure at the 11 sites was dominated by angular blocky material and the soil texture was dominated by 
silty clays, which contained 40% or more clay and 40% or more silt (Table 1). 
                     Table 1 Soil structure and soil texture 
Test sites Soil structure Soil texture 
1-year Sub angular blocky Silty clay 
2-year Angular blocky Silty clay 
3-year Angular blocky Silty clay 
4-year Sub angular blocky Silty clay 
5-year Sub angular blocky Silty clay loam 
6-year Angular blocky Silty clay 
7-year Angular blocky Silty clay 
8-year Angular blocky Silty clay 
9-year Angular blocky Silty clay 
10-year Sub angular blocky Silty clay 
Virgin forest Angular blocky Silty clay 
 
The soil bulk density in the virgin forest was 0.636 g cm-3. Selective logging and intensive line planting have 
increased the soil bulk densities in comparison to virgin forest. After timber was logged on the 1-year-old site, the 
soil bulk densities of the line-planted, cleared, logged, and skidder-track areas were 0.786, 0.841, 0.708, and 1.1 g 
cm-3, respectively. Manual land clearing in the line-planted and cleared areas increased soil bulk density by 23–32%, 
whereas in the logged area by 11% and in the skidder tracks of mechanized logging increased by 73%.  
In the 10-year-old site, the soil bulk densities of the line-planted, cleared, logged, and skidder-track areas were 
0.773, 0.621, 0.727, and 0.97 g cm-3, respectively. The values in the line-planted, cleared, and logged areas 
recovered to levels similar to that of virgin forest, but that for skidder-track areas was still 52% larger than that in 
virgin forest. 
 
4. Conclusion 
Although the data collected in this study were from a relatively small area, and could not account for the 
influence of soil heterogeneity on the variability of hydraulic properties, the following specific conclusions can be 
drawn: 
1. The fundamental IFMS activities associated with mechanized selective logging and intensive line planting 
have reduced the soil infiltration characteristics and soil compaction within the near-surface profile. A 
reduction of the infiltration capacity results in a greater likelihood of surface runoff flow. The emergence of 
secondary vegetation results in a faster recovery in infiltrability, thereby reducing the propensity of surface 
runoff.  
2. Ground-based harvesting using skidder tractors has significantly increased the rate of soil compaction. During 
the 10-year period following the abandonment of skidder tracks, the rate of soil compaction was still high and 
did not reach the recovery levels. Over the same time period, sites experiencing other surface disturbances 
recovered to levels close to those of a virgin forest.  
3. Soil compaction has changed the soil pore distribution and has affected soil moisture characteristics. In natural 
conditions, water retention curves for surface soils (0–50 cm deep) tend to display greater changes in θ than 
subsurface soils (50–150 cm deep). Intensive root growth at depths of 0–50 cm was effective for increasing the 
number of macro-pores and the porosity. 
4. Consolidated surfaces, which are an inherent part of a fragmented forest, contribute disproportionately to the 
associated hydrological impacts. The recovery time for near-surface hydraulic properties on non-skidder tracks 
was between 10–15 years, while in the skidder tracks it was more than 20 years. 
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